In this study, we investigated the role played by cytoplasmic catalase (Ctt1) in resistance against water loss using the yeast Saccharomyces cerevisiae as eukaryotic cell model. Comparing a mutant possessing a specific lesion in CTT1 with its parental strain, it was observed that both control and ctt1 strains exhibited increased levels of lipid peroxidation after dehydration, suggesting that catalase does not protect membranes during drying. Although the ctt1 strain has only 1 catalase isoform (peroxisomal catalase), the mutant showed the same levels of total catalase activity as the control strain. Furthermore, in cells deficient in Ctt1, the reduced glutathione:oxidized glutathione ratio (GSH: GSSG) of dry cells was higher than that of the control strain, indicating a compensatory mechanism of defense in response to dehydration. Even so, desiccation tolerance of the ctt1 strain was significantly lower than in the control strain. Using a fluorescent probe sensitive to oxidation, we observed that cells of the ctt1 strain showed levels of intracellular oxidation 70% higher than those of control strain, suggesting that Ctt1 plays a role in the maintenance of the intracellular redox balance during dehydration and, therefore, in tolerance against a water stress.
INTRODUCTION
Our increasing understanding of anhydrobiosis (life without water) holds promises because it may find technological applications. For example, knowledge of the mechanism of desiccation tolerance should lead to improved technologies in seed storage, gene banks, tissue engineering, cell transplantation, and the preservation of dry foods and pharmaceutical products.
Desiccation induces several changes in the cellular environment, such as (1) reduced hydration of macromolecules and consequent conformational changes, (2) reduced cytoplasmic and intracellular transport, (3) shifts in cytoplasmic pH and ion concentrations, and (4) accumulation of organic and inorganic ions (Senaratna and McKersie 1986) . All or any of these changes might be expected to cause transient dysfunctions in enzymes or electron transport chains (or both), which may lead to the production of free radicals or promote chemical reactions that would not normally occur in a fully hydrated system.
Because susceptibility to oxidative damage may in-crease with drying, one may infer that free radical scavenging systems are an important component among the mechanisms of desiccation tolerance. Aerobic organisms are well endowed with an array of specific antioxidant molecules and scavenging systems to protect them against oxidative damage (Willcox et al 2004) . Defense mechanisms include enzymes, such as peroxidases, catalases, and superoxide dismutases; and antioxidants, such as glutathione and vitamins C and E (Jamieson 1998) . The regulation of antioxidant defense is complex, and its role in tolerance to dehydration is not yet firmly established. Anhydrobiotes seem to apply mainly 2 strategies to cope with the danger of O 2 toxicity: increased efficiency of antioxidant defenses and metabolic control of both energy-producing and energy-consuming processes (Oliver et al 2001) . Resistance to drought in desiccation-tolerant plants seems to be associated with an upregulation of antioxidant genes (McKersie et al 1999; Hsieh et al 2002) . Baker's yeast, when overexpressing superoxide dismutase, exhibited increased tolerance to dehydration (Pereira et al 2003) . In sunflower and bean seeds, as well as in maize leaves, catalase activity increases during dehydration (Bailly et al 2001 (Bailly et al , 2004 Jiang and Zhang 2002) , sug- Before and after dehydration, cells were diluted with 50 mM phosphate buffer, pH 6.0, and plated on YPD plates (containing 2.0% glucose, 2.0% peptone, 1.0% yeast extract, and 2.0% agar) to determine survival. Colonies were counted after incubation at 28ЊC for 72 h. Plates were done in triplicates. Tolerance was measured as percentage of viable cells that survive stress. Lipid peroxidation was determined by thiobarbituric acid reactive specie (TBARS) method (Steels et al 1994) .
gesting that this enzyme prevents dehydration-related oxidative damage. However, although these results show a correlation between catalase activation and increase in tolerance to dehydration, this correlation only suggests but does not prove that this antioxidant enzyme is necessary for cell protection under anhydrous conditions.
In this study, using a mutant strain of Saccharomyces cerevisiae that harbors a specific deficiency in cytoplasmic catalase (Ctt1), we investigated the role of this antioxidant enzyme in the maintenance of survival during dehydration. The use of S. cerevisiae as experimental model is particularly attractive because of the structural and functional similarity of genes in yeasts and mammals. In contrast to higher eukaryotes, S. cerevisiae genes can be easily engineered by molecular biology techniques and thoroughly studied very quickly, providing a considerable amount of information useful for understanding the molecular basis of desiccation tolerance.
RESULTS AND DISCUSSION
Catalase catalyzes the breakdown of H 2 O 2 to O 2 and H 2 O. S. cerevisiae possess 2 isoforms, catalase A (peroxisomal) and catalase T (cytoplasmic), encoded by the CTA1 and CTT1 genes, respectively. The main physiological role of catalase A seems to be the removal of H 2 O 2 produced by fatty acid ␤-oxidation. The role of catalase T is less clear. CTT1 gene expression is regulated by oxidative and osmotic stresses (Ruis and Hamilton 1992) .
In sunflower seeds, catalase expression is finely regulated by the cell water content (Bailly et al 2004) . Catalase activity increases during maize leaf water stress (Jiang and Zhang 2002) or during bean seed desiccation (Bailly et al 2001) . Hsieh et al (2002) also demonstrated that transgenic tomato plants resistant to water deficiency overexpress the catalase gene.
To investigate the importance of the cytoplasmic isoform of this antioxidant enzyme and its role in the mechanism of tolerance against dehydration, we used a mutant strain of S. cerevisiae that does not express CTT1. BY4741 (MATa; his3⌬1; leu2⌬0; met15⌬0; ura3⌬0) and its isogenic mutant ctt1, harboring the gene CTT1 interrupted by the gene KanMX4, were acquired from Euroscarf (Frankfurt, Germany). Cells were grown up to stationary phase (4.0 mg dry weight/mL) in liquid yeast-peptone-dextrose (YPD) medium (1% yeast extract, 2% glucose, and 2% peptone), as described previously (Pereira et al 2003) . Dehydration was performed at 37ЊC until samples reached constant weight (final water content was 4-9%). All results were expressed as mean Ϯ SD of at least 3 independent experiments. Statistical differences were tested using analysis of variance followed by Tukey-Kramer multiple comparisons test. The latter shows homogeneity between experimental groups at P Ͻ 0.05. In all tables, different letters indicate statistically different results.
As shown in Table 1 , the mutant lacking Ctt1 showed a higher sensitivity to water loss than the control strain, indicating that tolerance to dehydration of yeast cells is dependent on catalase T. To understand how catalase protects cells during dehydration, we measured the oxidative damage caused by dehydration to cell membranes. One of the molecular mechanisms of damage leading to death in desiccation-sensitive cells on drying is free radical attack to phospholipids leading to lipid peroxidation and phospholipids de-esterification (Leprince et al 1994; Hoekstra et al 2001) . As previously observed (Espindola et al 2003) , dehydration produced a high increase in the levels of malondialdehyde, a product of lipid peroxidation (Table 1) . However, the increase in the levels of lipid peroxidation caused by dehydration in ctt1 cells was similar to that of the control strain.
In plants, the increase in catalase activity induced by seed drying was associated with a decrease in hydrogen peroxide levels and in lipid peroxidation, suggesting that catalase plays a role during seed desiccation by preventing dehydration-related oxidative damage of membranes (Bailly et al 2004) . In contrast, under the conditions of this study, catalase activity did not change in response to dehydration (Table 2) , which could explain the increase in lipid peroxidation observed. Interestingly, the mutant deficient in Ctt1 showed similar levels of activity to those of control strain, indicating that a deficiency in Ctt1 is overcome by an increase in the remaining peroxisomal catalase activity. Similar to what has been shown for other antioxidant enzymes, such as glutathione peroxidases and superoxide dismutases (AM Avery and SV Avery 2001; Pereira et al 2003) , there seems to be compensation in the regulation of catalase activity under a severe oxidative stress, as is the case during dehydration. In the mutant strain, as the CTT1 gene is not functional, the activity expressed is only because of peroxisomal isoform (Table 2) . Then, because catalase activity in the ctt1 strain was almost the same as its parental strain, we can con- Extracts for enzymatic determinations were obtained by disruption of cells with glass beads in potassium phosphate buffer 50 mM, pH 6.0 (Pereira et al 2003) . Catalase activity was determined on the basis of H 2 O 2 consumption (Aebi 1964) . To guarantee that it measured catalase activity, the experiments were also conducted in the presence of azide, which inhibits specifically H 2 O 2 consumption performed by catalases. Protein concentrations were evaluated by the method of Stickand (1951) . The GSH and GSSG concentrations were determined spectrophotometrically in neutralized trichloroacetic acid (trichloroacetic acid [TCA] 10%) extracts (Bernt and Bergmeyer 1974) . The redox ratio was expressed as the relation between oxidized glutathione (GSSG) and GSH content. The results represent the mean Ϯ SD of at least 3 independent experiments.
Table 3 Enhancement of intracellular oxidation measured as fold increase in fluorescence

Strains
Increase of fluorescence
Fluorescence was measured using a Photo Technology International spectrofluorimeter set at an excitation wavelength of 504 nm and an emission wavelength of 524 nm. Cells (50 mg) were resuspended in 12.5 mL of 50 mM phosphate buffer, pH 6.0, and 2Ј,7Ј-dichlorofluorescein diacetate was added from a fresh 5-mM stock in ethanol to a final concentration of 10 mM. Incubation continued for 15 min at room temperature to allow uptake of the probe. After that, cells were harvested by centrifugation, washed twice with the same buffer, and dehydrated. Dry cells were then resuspended in 0.5 mL of distilled H 2 O, and 1.5 g of glass beads were added. Cells were lysed by 3 cycles of 1-min agitation on a vortex mixer followed by 1 min on ice. The supematant solution was obtained after centrifugation at 25 000 ϫ g for 5 min, diluted 6-fold with water, and then, fluorescence was measured. As control, fluorescence was measured in fresh cells. The results were expressed as a relation between the fluorescence of dry and fresh cells.
clude that in the mutant, the activity of peroxisomal catalase is induced when compared with the activity of this isoform in the control strain, in such a manner that the activity of 1 isoform in the mutant strain is on the level with the activities of both catalases in the control strain. This result suggests that catalase A, which is the only isoform present in the mutant strain, is not enough to protect cells against dehydration.
By analyzing the levels of oxidized (GSSG) and reduced glutathione (GSH), we verified that cells lacking Ctt1 showed a 2-fold reduction in the GSSG:GSH ratio after dehydration, in contrast to the control strain, which demonstrated a significant enhancement of the intracellular GSSG content (Table 2) . Considering the importance of glutathione to relieve the oxidative damage of phospholipids produced by dehydration (Espindola et al 2003) , the high levels of GSH in dry ctt1 cells, in addition to the high levels of peroxisomal catalase activity (Table  2) , might be contributing to prevent a higher increase in lipid peroxidation, despite the deficiency of Ctt1.
To further investigate the role of catalase T in protecting yeast during a water deficit, we analyzed the cell redox status, using the fluorescent probe, 2Ј, 7Ј-dichlorofluorescein. This probe reaches the intracellular environment by passive diffusion and, once inside the cell, becomes susceptible to attack by free radical species, producing a more fluorescent compound (Tsuchiya and Suematsu 1994) . By measuring the level of fluorescence of cell extracts before and after dehydration, we can evaluate the increase in oxidation produced by this stress. According to Table 3 , the ratio of fluorescence between dried and fresh cells, which is indicative of the state of cell oxidation, increased in both strains, confirming that dehydration causes an oxidative stress. However, the level of oxidation caused by the water stress in ctt1 cells was 70% higher than that in the control strain, indicating that the cytoplasmic isoform favors resistance to dehydration by controlling reactive oxygen species (ROS) production, probably through removal of H 2 O 2 . In sunflower, the increase in catalase activity during seed development after artificial drying seems to be involved in the reduction of H 2 O 2 content and in the increase of tolerance (Bailly et al 2004) . It is indeed admitted that water stress induces ROS generation, which can, in turn, produce cellular and metabolic damage (Smirnoff 1993) .
Taken together, our investigation addresses the question of the functional role of Ctt1 with respect to dehydration-related damage, and our data confirm that the ability of cells to withstand water loss is related to the maintenance of redox homeostasis.
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